INTRODUCTION
Most organs consist of epithelial tubes (Lubarsky and Krasnow, 2003) . Despite diversity of developmental mechanism, tubular organs and related structures, such as alveoli and cysts, share a common organization, with the apical (AP) surface lining the central lumen and a basolateral (BL) surface attached to adjoining cells and extracellular matrix (ECM). A key gap in our knowledge of how cells assemble into tubules is how the AP surface and lumen are formed.
Culture systems that recapitulate tube morphogenesis have been useful in understanding the mechanism of tubulogenesis. The three-dimensional (3D) Madin-Darby canine kidney (MDCK) cell system is an excellent model of epithelial morphogenesis in vitro (Debnath and Brugge, 2005; Lubarsky and Krasnow, 2003; O'Brien et al., 2002) . MDCK cells embedded in a gel of ECM form cysts, spherical epithelial monolayers enclosing a central lumen (Montesano et al., 1991) . Results from MDCK and other systems have led to a general model for tube morphogenesis (Lubarsky and Krasnow, 2003; O'Brien et al., 2002) . In this model, the cell interprets an extracellular cue from the ECM and transduces it into a signal to generate the axis of polarity. Following this initial event, the most crucial step is the formation of the central lumen and AP plasma membrane (PM).
Cdc42 plays a central role in polarization from yeast to mammals. In metazoa, one target of Cdc42 is Par6, part of the Par3/Par6/aPKC complex, a master regulator of polarity. Cdc42 is associated with formation of tight junctions (TJs) and the regulation of traffic to the PM (Kroschewski et al., 1999; Musch et al., 2001 ). However, activation of Rac1, but not Cdc42, is needed for epithelial TJ formation (Mertens et al., 2005) . Despite this controversy, Cdc42 is activated upon cell-cell contact, suggesting a role for this protein during epithelial morphogenesis (Kawakatsu et al., 2002; Kazmierczak et al., 2004) . Interestingly, FDG1, a guanine nucleotide exchange factor (GEF) that regulates Cdc42 activity, is needed for lumen formation in vivo (Suzuki et al., 2001) .
Here, we elucidate a molecular mechanism central to the formation of the AP PM and lumen during morphogenesis in the 3D MDCK system.
RESULTS
PtdIns(4,5)P 2 and PTEN Are at the AP PM To determine the localization of PtdIns(4,5)P 2 in MDCK cysts, we stably expressed the pleckstrin homology (PH) domain of phospholipase Cd1, a high-affinity marker for PtdIns(4,5)P 2 (Rescher et al., 2004) , fused to GFP (PHD-GFP). PHD-GFP was distributed mainly to the AP PM of MDCK cysts, where it largely colocalized with the AP marker gp135/podocalyxin ( Figure 1A , arrowheads); a smaller degree was found in the BL PM, with a distribution similar to that of actin (see Figure S1A in the Supplemental Data available with this article online). Using PH-Akt-GFP, a probe for products of PI3K (PtdIns [3, 4] P 2 and PtdIns [3, 4, 5 ]P 3 ; we refer to both collectively as PtdIns [3, 4, 5 ]P 3 ), we found PtdIns(3,4,5)P 3 highly enriched at the BL PM and absent from the AP PM of MDCK cysts in Matrigel ( Figure S1B ), confirming previous data in collagen (Yu et al., 2003) . A) PtdIns(4,5)P 2 is enriched in the AP PM. MDCK PHD-GFP cysts were stained for nuclei (blue) and gp135 (red, top right, merged with DIC). In all micrographs, single confocal sections through the middle of cysts are shown and nuclei are stained blue unless otherwise indicated. Bottom right panel shows a magnification of the indicated region of the merged panel (bottom left). Arrowhead indicates the colocalization of PHD-GFP and gp135 at the AP PM. (B) PTEN localizes to the AP PM in T84 human colon cysts. Endogenous PTEN could not be localized in MDCK cysts but could be localized in T84 cysts. T84 human colon cells were allowed to form cysts for 8 days; stained for PTEN (green), actin (red), and nuclei; and visualized. Arrowheads indicate PTEN at the AP PM. (C) GFP-PTEN localizes to the AP PM. MDCK GFP-PTEN cells form cysts at 1, 2, 3, and 4 days. Cells were stained for ZO-1 (red). Arrowheads indicate GFP-PTEN at the AP PM. (D) PtdIns(4,5)P 2 segregates from PtdIns(3,4,5)P 3 during cystogenesis. MDCK PHD-GFP (top) and PH-Akt-GFP (middle, merged with DIC in bottom row) were plated to form cysts for 4 days. Live cells were analyzed by confocal microscopy at 1, 2, 3, or 4 days. In this and all other micrographs, ''L'' indicates lumen. Scale bars are 5 mm.
We analyzed PH-Akt-red and PHD-GFP localization during cystogenesis. At 16 hr when cysts still lacked lumens, PtdIns(3,4,5)P 3 and PtdIns(4,5)P 2 were colocalized to cell-cell and cell-ECM contacts ( Figure 1D, left) . As soon as lumens started to form (24-60 hr) and in mature cysts (72 hr), PtdIns(4,5)P 2 became confined mainly to the AP PM, delimiting the newly formed lumen, whereas PtdIns(3,4,5)P 3 remained associated with cell-cell contacts ( Figure 1D , arrowheads, lumen). By contrast, PtdIns(3,4,5)P 3 became exclusively BL ( Figure 1D , right column). These data suggest that segregation of PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 to distinct PM domains may be important in AP PM and lumen formation.
Next, we investigated the mechanism of enrichment of PtdIns(4,5)P 2 and depletion of PtdIns (3, 4, 5) (Maehama and Dixon, 1998) . We determined the location of PTEN using MDCK cells expressing GFP-PTEN, which localizes similarly to endogenous PTEN (Lacalle et al., 2004) . Initially, most GFP-PTEN was in the cytoplasm, although a small fraction was in the AP region surrounded by TJs ( Figure 1C , day 1, arrowheads). At later stages (days 2-4), GFP-PTEN was mainly in the AP PM, delimiting the lumen ( Figure 1C ). GFP-PTEN also associated with cellcell junctions overlapping extensively with PtdIns(4,5)P 2 ( Figure 1C ). We found the same localization of endogenous PTEN in human colon T84 cells ( Figure 1B) . Thus, PTEN is highly enriched in the AP PM, suggesting involvement in depletion of AP PtdIns(3,4,5)P 3 and/or enrichment of AP PtdIns(4,5)P 2 .
Loss of PTEN Function Inhibits Lumen Formation
To test whether PTEN is needed to form the AP PM and lumen, we depleted PTEN using siRNAs. Endogenous PTEN was reduced to 20%-36% of control using two different siRNA heteroduplexes, PTEN-1 and PTEN-2 (Figure 2A) . When siRNA-transfected cells were plated to form cysts, most control cells formed normal lumens (91%) ( Figure 2B ); MDCK cysts with reduced PTEN formed cysts of similar size, but only 34% of them had normal lumens (with PTEN-2 siRNA; 36% with PTEN-1 siRNA). Instead, most cysts with reduced PTEN had multiple small lumens, though the BL marker b-catenin was localized normally (Figure 2B , left; quantization in Figure 2C ). Also, F-actin was greatly reduced in PTEN-depleted cysts (Figure 2B, right) . To confirm the role of PTEN, we used bpV(pic), an inhibitor of PTEN (Schmid et al., 2004) . We observed a dose-dependent inhibition of lumen formation by bpV(pic) ( Figure 2D ). Then, we analyzed the effect of PTEN inhibition on the distribution of PtdIns(4,5)P 2 and PtdIns (3, 4, 5) (3, 4, 5) p 3 on neutrophil polarity (Weiner et al., 2002) and the role of PtdIns (3, 4, 5) p 3 in expanding the BL surface of MDCK cells (Gassama-Diagne et al., 2006) . Exogenous PtdIns(4,5)P 2 induced dramatic shrinkage of the lumen and redistribution of PHD-GFP from the AP to the BL surface, often in a patchy distribution ( Figure 3A) . We also saw relocalization of the AP markers gp135 and ezrin, and the (TJ) component ZO-1, from the AP to the BL region over 30 min ( Figure 3B and Figure S2A ; arrows indicate ZO-1, gp135, and ezrin localization). Movement seems to occur initially by extension of the AP surface and projections of the lumen out to the cyst periphery, followed by collapse of the lumen. The area occupied by lateral markers shrank, with p58 and PtdIns (3, 4, 5) p 3 ending up in small puncta at the periphery of the cysts at 30 min and eventually disappearing from the basal region ( Figure 3C and Figure S2B , arrowheads). This phenotype was not caused by the mere loss of polarity because depolarization induced by calcium depletion did not alter the localization of AP markers ( Figure S2C, arrowheads) .
We conclude that ectopic insertion of exogenous PtdIns(4,5)P 2 into the BL PM is sufficient to relocalize AP and TJ components to the periphery of the cyst, substantiating a key role for this lipid in constructing the AP PM.
Annexin 2 Distributes to the AP PM in MDCK Cysts Annexin 2 (Anx2) is targeted to the PM of epithelial cells by binding to PtdIns(4,5)P 2 (Rescher et al., 2004) . To localize Anx2 in cysts, we stably expressed Anx2-GFP, which was previously described to behave similarly to the endogenous protein (Merrifield et al., 2001 ). Anx2-GFP was detected mainly in the AP PM of cells in cysts outlining the lumen, with a very minor amount at the BL PM ( Figure 4A ). Anx2 overlapped extensively with actin ( Figure 4A , arrow), suggesting association of Anx2 with the AP actin cytoskeleton. We next analyzed the localization of Anx2-GFP during cystogenesis. The pattern of localization for Anx2-GFP was identical to that observed for PtdIns(4,5)P 2 ( Figure S3A) . Therefore, the similar distributions of PtdIns(4,5)P 2 and Anx2 during cyst formation suggests that Anx2 and PtdIns(4,5)P 2 might be involved in forming the cortical actin cytoskeleton and AP domain. 
Loss of Anx2 Inhibits Lumen Formation
To determine whether Anx2 is required for the formation of the central lumen, we used siRNAs. By using two different siRNA heteroduplexes, we reduced endogenous Anx2 levels by more than 90% ( Figure 4B ). As shown before, the downregulation of Anx2 in MDCK cells induced a drastic concomitant reduction of the Anx2 light chain, p11 (Puisieux et al., 1996) . We analyzed the effect of depletion of Anx2 on cystogenesis. Cells were transfected with Anx2 siRNAs and plated to form cysts. Whereas 84% of control cysts had normal lumens ( Figure 4C ), MDCK cysts with reduced Anx2 formed cysts of similar size, but only 47% had normal lumens. Most cysts with depleted Anx2 had multiple small lumens with reduced actin ( Figure 4C , Figure S3B , and quantitation in Figure 4D ).
We confirmed the requirement of Anx2 in formation of the central lumen by using a dominant-negative (DN) Anx2, Anx2CM (Merrifield et al., 2001 ). Expression of GFP-Anx2CM during cystogenesis inhibited formation of the central lumen ( Figures S3C and S3D ). Furthermore, when the lumens of the cysts were formed from a mixture of cells with high and low levels of GFP-Anx2CM, the cortical actin cytoskeleton was formed only in the cells with low levels of GFP-Anx2CM ( Figure 4E ). Also, ezrin and actin underlined the AP surface only of cells with low or no GFP-Anx2CM, whereas they were absent in the presence of GFP-Anx2CM ( Figure 4E , arrowheads).
Next, we assessed the effects of delivering exogenous PtdIns(4,5)P 2 to the BL PM on Anx2 localization. Exogenous PtdIns(4,5)P 2 relocalized Anx2 from the AP to the BL PM ( Figure S3E ). Finally, we characterized the effect of reducing PTEN on localization of Anx2. Reduction of PTEN inhibited the accumulation of Anx2-GFP at the AP domain, rendering this protein homogenously distributed (B) Exogenous PtdIns(4,5)P 2 relocalizes gp135, actin, and ZO-1 from the AP to the basal PM. Top half of figure was treated with PtdIns(4,5)P 2 for indicated time, while bottom half was control. Samples were stained for actin (red), ZO-1 (green), and nuclei in top rows; and gp135 (red) merged with DIC in bottom rows. Arrows indicate AP markers and ZO-1. Scale bar is 5 mm. (C) Exogenous PtdIns(4,5)P 2 disrupts lateral PM. The samples were stained for actin (red), p58 (green), and nuclei (left), or for DIC (right). Arrowheads indicate p58 localization. Scale bar is 5 mm.
in the PM ( Figure 4F ). These results confirm that Anx2 in combination with PtdIns(4,5)P 2 is required for the formation of the cortical actin cytoskeleton, AP PM, and lumen.
Anx2
Associates with Cdc42 at the AP PM PtdIns(4,5)P 2 leads to recruitment and activation of Cdc42 in Xenopus egg extracts (Ho et al., 2004) . We hypothesized that Cdc42 might be directly involved in AP PM and lumen formation.
To determine the localization of Cdc42, we stably expressed Rac1-GFP and Cdc42-GFP, which behave like the endogenous proteins in MDCK cells . The expression of endogenous Rac1 and Cdc42 was reduced to compensate for expression of Rac1-GFP and Cdc42-GFP, respectively, in these stable lines ( Figure 5A ). Rac1-GFP was mostly localized to the cellcell junctions at the BL PM (data not shown). However, the localization of Cdc42-GFP was enriched at the AP PM, colocalizing extensively with actin ( Figure 5B , arrowheads). To visualize active Cdc42, we used CBD-GFP, which detects activated Cdc42 (Nalbant et al., 2004) . CBD binds specifically to Cdc42-GTP via the CRIB domain of . At day 1 ( Figure 5C , left), Rac1, Cdc42, and CBD-GFP localized to cell-cell and (B) Downregulation of endogenous Anx2 and p11 by siRNA to Anx2. Total cell lysates of cysts (48 or 72 hr) treated with siRNAs Anx2-1 and Anx2-2 against canine Anx2, or control siRNA, were analyzed by WB for Anx2, p11, and caveolin-1 as a control. (C) Effect of siRNA Anx2-2 in lumen formation. MDCK cells were transfected with Anx2-2 (bottom), or control (top) siRNAs and were plated to form cysts for 48 hr. Cells were stained for gp135 (red), ZO-1 (green), and nuclei. Arrowheads indicate ZO-1. Scale bar is 5 mm. (D) Quantitation of cysts with normal lumens in cells transfected with scramble (control) siRNA or siRNA Anx2-1 or Anx2-2. Values are mean ± SD from four different experiments. n = 100/experiment. *p < 0.001. (E) Anx2CM disrupts the cortical actin cytoskeleton. Cells were infected with a tet-off regulated adenovirus encoding GFP-Anx2CM and were incubated with a low level of dox (1 ng/ml) (GFP-Anx2CM). After 48 hr, cells were fixed, stained for actin (blue) and ezrin (red), and analyzed by confocal microscopy. Arrowheads indicate disruption of actin cytoskeleton in Anx2-GFP cell. Scale bar is 10 mm. (F) Downregulation of PTEN by siRNA inhibits AP accumulation of Anx2. Cells expressing Anx2-GFP were transfected with siRNAs to PTEN or control siRNA cysts formed for 48 hr, fixed, and stained for gp135 (red) and nuclei (blue). Scale bar is 5 mm.
cell-ECM contacts ( Figure 5C ; arrows indicate Cdc42 and Rac1 at cell-cell contacts). However, as cysts started to form lumens and thereafter (days 2-5), the majority of CBD-GFP relocalized to the AP PM together with Cdc42, delimiting the newly formed lumen ( Figure 5C , days 2 and 5, middle and right, arrowheads indicate CBD-GFP and Cdc42 at the lumen). By contrast, Rac1 remained mostly at cell-cell contacts throughout cystogenesis. To confirm activation of Cdc42 during lumen formation, we pulled down active Rac1 and Cdc42 using the p21-binding domain of PAK1 fused to GST (Benard et al., 1999) . Cdc42-GTP increased significantly during cystogenesis ( Figure S4A ).
Phosphoinositides recruit Rho family GTPases to the PM through PH domains of GEFs (Ferguson et al., 1995) . However, the PH domains of GEFs bind phospholipids with low affinity and little specificity, implying that these interactions are insufficient to specify PM localization of Rho proteins (Snyder et al., 2001) . We hypothesized that the high-affinity PtdIns(4,5)P 2 -binding protein Anx2 mediates the interaction between PtdIns(4,5)P 2 and Cdc42. Anx2 binds to the active form of another Rho family GTPase, Rac1 . Endogenous Cdc42 coprecipitated with Anx2-GFP ( Figure 5D , immunoprecipitation [IP] blot). This interaction was increased in the presence of GTPgS ( Figure 5D ). Anx2-GFP also interacted with endogenous Anx2 (data not shown) and P11 ( Figure 5D , bottom), indicating that this protein forms normal heterotetramers. The association of Anx2-GFP with p11, the ligand of Anx2, was stronger in the presence of GDP, while the coprecipitation of Cdc42 was reduced, suggesting competition of active Cdc42 and p11 for Anx2 binding ( Figure 5D , IP blot). As expected, endogenous Anx2 coprecipitated with Cdc42-GFP and this interaction was stabilized in the presence of GTPgS ( Figure 5E ). We also observed an interaction between Cdc42-GFP and IQGAP1 as described (Hart et al., 1996) , which was stabilized by GTPgS, indicating normal behavior of Cdc42-GFP ( Figure 5E, bottom) .
To confirm the interaction of Cdc42 and Anx2 in vivo, we expressed transdominant Anx2, Anx2XM. Anx2XM is a chimera of the NH 2 terminus (residues 1-18) of Anx2 fused to the NH 2 terminus of p11. Expression of Anx2XM leads to the formation of cytosolic aggregates containing endogenous Anx2, p11, and the chimera (Harder and Gerke, 1993) . Expression of Anx2XM aggregated Anx2-GFP in the cytosol ( Figure 5G, arrowheads) , disrupted partially the AP actin cytoskeleton ( Figure 5G, arrow) , and, importantly, aggregated Cdc42-GFP in the cytosol ( Figure 5H, arrowheads) . By contrast, Anx2XM did not change the localization of Rac1-GFP (Figure S4B ), or the BL protein b-catenin ( Figure S4C ). Thus, Anx2 binds to Cdc42 in vivo and the presence of Anx2 in the AP PM is required for the proper AP localization of Cdc42.
Depletion of Cdc42 Inhibits Formation of the Central Lumen
We reduced the level of Cdc42 by 90% using siRNA ( Figure 6A ). Whereas most of the control cysts formed normal lumens (75%), only 17% showed normal lumen formation in cysts with reduced Cdc42 (Figure 6B , quantitation in Figure 6C , and 3D views of cysts in Movies S1 and S2). More than 80% of cysts with reduced Cdc42 had multiple small lumens with decreased F-actin and the cortical actin-associated protein ( Figure 6B ), resembling the phenotype observed with reduction of PTEN or Anx2 (Figures  2 and 4) . b-catenin remained at cell-cell contacts, indicating that the BL surface is relatively normal (Figure 6B, left) . Thus, functional disruption of Cdc42 induces accumulation of AP markers in lumens between cells and probably in large intracellular vesicles ( Figure 6B, left) . By contrast, reduction of Cdc42 did not affect polarity of MDCK cells in 2D monolayers ( Figure S5A) .
To understand the role of Cdc42 in the formation of the AP PM and the lumen, we analyzed the effect of reducing Cdc42 on the localization of the AP marker gp135 during cystogenesis. Gp135 localized initially to external PM ( Figure 6D , left), confirming the described distribution of this protein to free surfaces in nonpolarized epithelial cells (Meder et al., 2005) . Then, gp135 relocalized to internal vesicles, presumably by endocytosis. Cdc42 disruption did not affect this relocalization ( Figure 6D , 16 hr panels, arrows). However, whereas in control cells these internal vesicles fused with the PM to form lumens between cells, in the cysts with reduced Cdc42, gp135 accumulated in intracellular vesicles that did not fuse with the PM ( Figure 6D , 24 hr panels, arrowheads). Because we reduced but did not eliminate Cdc42, eventually some of these vesicles fused with the PM, generating mature cysts with intracellular and small intercellular lumens ( Figure 6D , right, arrows indicate intercellular and arrowheads indicate intracellular lumens). Another possibility for formation of the central lumen is that a single lumen forms by coalescence of multiple intercellular lumens. However, we observed that most cysts with single lumens formed without a preceding multilumenal intermediate ( Figure 6D , top, quantitation in Figure S5B ). TJs were apparently unaffected, as indicated by the staining for ZO-1 (Figure S5C , arrowheads).
Exogenous PtdIns(4,5)P 2 Targets Activated Cdc42 to the BL PM and Reduces the Central Lumen Our data suggest a model for lumen formation that is initiated by the PTEN-dependent enrichment of PtdIns(4,5)P 2 at the AP pole of MDCK cells. PtdIns(4,5)P 2 recruits Anx2, which in turn recruits Cdc42. Cdc42 is essential for formation of the AP PM and lumen.
To test this, we analyzed the localization and activity of Cdc42 in cells depleted of PTEN or Anx2. We observed a drastic reduction of Cdc42 activity in the cysts with reduced levels of PTEN or Anx2, as measured by GSTPak1-CRIB pull-down ( Figure 6E ). Activated Cdc42 was reduced in cysts with reduced Cdc42 or in cysts expressing the DN form of Cdc42, Cdc42-N17 ( Figure 6E ). Despite the effect on the localization of actin, gp135, ezrin, and ZO-1 upon depletion of Cdc42, Anx2, or PTEN, we did not see alterations in total protein levels of these markers ( Figure S6A ). Confirming the biochemical results, we also observed a relocalization of Cdc42 from the plasma PM to the cytoplasm upon knockdown of either PTEN or Anx2 (Figures S6B and S6C) .
We next assessed the effects of delivering exogenous PtdIns(4,5)P 2 to the BL PM on the localization and activity of Cdc42. Exogenous PtdIns(4,5)P 2 induced the relocalization of Cdc42-GFP ( Figure 6F , arrowheads) and CBD-GFP ( Figure S6D ) from the AP domain to the cytoplasm with enrichment at the basal portion of the cyst. Thus, activated Cdc42 followed a pattern of redistribution similar to that observed for PHD-GFP, Anx2, gp135, ezrin, and ZO-1. The partial translocation of activated Cdc42 to the basal PM was associated with the formation of a partial abnormal actin cytoskeleton at the periphery of the cyst ( Figure S6D, arrowheads) . In sum, these data show that PtdIns(4,5)P 2 -mediated AP enrichment of Anx2 targets activated Cdc42 to regulate the formation of the AP PM and lumen during epithelial morphogenesis.
Cdc42 Targets Par6/aPKC to the AP PM to Form the Lumen
The Rho-GTPase effector protein Par6 links Par3 and aPKC to activated Cdc42, forming a multimeric polarityregulatory complex at the PM of MDCK cells (Joberty et al., 2000) . We addressed the role of the Par3/Par6/ aPKC complex in the formation of the AP PM and lumen in MDCK cysts. First, we characterized the localization of members of this complex. Interestingly, whereas aPKC ( Figure 7A , top) and Par6 (data not shown) distributed along the whole AP PM, Par3 was confined to the TJs ( Figure 7A, bottom) . This differential distribution of Par3 and Par6/aPKC was previously found in Drosophila (Harris and Peifer, 2005) and suggests that Cdc42/Par6/ aPKC could have a specific role in the morphogenesis of the AP PM independent of Par3. Since activated Cdc42 is enriched at the AP PM, these data also suggest that the activity of Par6/aPKC at the AP PM is dependent on Cdc42.
To test whether the localization of aPKC at the AP PM depends on Cdc42, we characterized the distribution of aPKC in cells depleted of Cdc42. In cysts depleted of Cdc42, aPKC localized intracellularly and partially colocalized with Anx2-GFP on intracellular lumens ( Figure 7C , arrowhead). The localization of aPKC to the AP PM also depends on PTEN and Anx2, because the reduction of these proteins caused intracellular accumulation of aPKC ( Figures S7A and S7B) . Interestingly, we also found a partial intracellular accumulation of Anx2 in the cells with reduced Cdc42 (Figure 7C ). By contrast, PtdIns(4,5)p 2 remained associated with the plasma PM in the cells with reduced Cdc42 (data not shown). These data suggest that, whereas the enrichment of PtdIns(4,5)p 2 at the AP PM might control this whole pathway, there is a potential positive feedback loop between Cdc42 and Anx2 to promote the localization of AP proteins at the lumen of mature cysts.
To address the role of Par6/aPKC in AP PM and lumen formation, we used a myristoylated pseudosubstrate of aPKC-z (aPKC-PS) that specifically inhibits all aPKCs (Nunbhakdi-Craig et al., 2002) . Treatment with aPKC-PS inhibited phosphorylation of aPKC, as well as formation of the AP PM and central lumen in a dose-dependent manner ( Figures 7B, 7D , and 7E). In contrast, we saw a normal distribution of ZO-1, as previously described in MDCK monolayers (Fan et al., 2004) . Finally, we found that exogenous PtdIns(4,5)P 2 relocalized aPKC from the AP to the basal PM ( Figure S7C , arrowheads). Thus, aPKC followed a pattern of redistribution similar to that of PHD-GFP, Anx2, activated Cdc42, gp135, ezrin, and ZO-1.
In sum, these data show that PTEN, PtdIns(4,5)P 2 , Anx2, and activated Cdc42 are required for the targeting and localization of Par6/aPKC to the AP domain to regulate the formation of the AP PM and lumen during epithelial morphogenesis.
DISCUSSION
Formation of the AP surface and lumen is a central problem in understanding how epithelial tissues arrange themselves into tubes and other hollow structures, such as cysts. We have uncovered a molecular mechanism of AP surface and lumen formation (model in Figure 7F ). PTEN is needed for segregation of PtdIns(4,5)p 2 to the AP PM and PtdIns (3, 4, 5) p 3 to the BL PM. AP PtdIns(4,5)p 2 recruits Anx2, which in turn recruits Cdc42 to the AP PM, causing the organization of the sub-AP actin cytoskeleton and formation of the AP surface and lumen. Cdc42 binds and localizes the Par6/aPKC complex to the AP PM to promote establishment of polarity.
PtdIns(4,5)p 2 is thus a key determinant of the AP surface. Similarly, PtdIns(3, 4, 5) p 3 is a key determinant of (D) Anx2-GFP interacts with endogenous Cdc42 in a GTP-dependent manner. MDCK Anx2-GFP or control cells in mature cysts were lysed, and extracts were loaded with GDP or GTPgS. Extracts were immunoprecipitated with antibody against GFP and immunoblotted to analyze Cdc42 and p11. Three percent of input or 30% of immunoprecipitated material was loaded on the gel. A band corresponding to the light chain (LC) of IgG was detected with the anti-Cdc42 antibodies and served as a loading control. (E) Cdc42-GFP interacts with endogenous Anx2 in a GTP-dependent manner. Cdc42-GFP or control cells in mature cysts were lysed, and the extracts were loaded with GDP or GTPgS. Extracts were immunoprecipitated using antibodies against GFP and immunoblotted to analyze Anx2 and IQGAP1. Three percent of input and 30% of immunoprecipitated material were loaded in the gel. (F-H) Effect of tet-off inducible adenovirus-mediated expression of Anx2XM on Anx2-GFP or Cdc42-GFP localization in cysts. MDCK Anx2-GFP (G) or Cdc42-GFP (H) cells forming cysts for 5 days were infected with a tet-off regulated adenovirus encoding Anx2XM and maintained in the presence (control) or absence (Anx2XM) of 20 ng/ml of dox for 16 hr. Cells were lysed and extracts were analyzed by WB to detect Anx2XM (F). The cysts were stained for actin (red) and nuclei (blue). Arrowheads indicate aggregates of Anx2-GFP or Cdc42-GFP. Arrows indicate disruption of the AP actin cytoskeleton. Scale bar is 10 mm. the BL surface (Gassama-Diagne et al., 2006) . Together, PtdIns(4,5)p 2 and PtdIns (3, 4, 5) p 3 play complementary roles in epithelial polarity. More generally, phosphoinositides have emerged as general determinants of membrane identity (Di Paolo and De Camilli, 2006 ). An advantage of epithelia is that we can insert exogenous phosphoinositides into limited ectopic locations. These gain-of-function experiments provide a direct test of the role of the lipid in specifying domain identity.
To exert its effects, PtdIns(4,5)p 2 interacts with Anx2, which clusters this lipid with high affinity and specificity. Ectopic PtdIns(4,5)p 2 in the BL surface recruits Anx2 to the BL PM. Although loss of Anx2 by RNAi prevents lumen formation, RNAi of Anx2 did not produce as strong a phenotype as expression of the DN Anx2CM or RNAi of PTEN or Cdc42. One explanation could be the existence of 20 annexin family members, which might have redundancy with each other. Indeed, Anx2 knockout (KO) mice are viable (Ling et al., 2004) . Alternatively, even low levels of Anx2 might suffice to exert its function.
Cdc42 interacts with Anx2 in a GTP-dependent manner. Cdc42 is activated during cystogenesis. Most activated Cdc42 relocalizes from cell-cell contacts to the AP pole as lumens form. RNAi of Cdc42 caused malformation of the central lumen in cysts but did not affect polarization of MDCK cells in 2D monolayers. This effect of Cdc42 depletion in cysts highlights the importance of using 3D models in analysis of lumen formation. Interestingly, we also saw an intracellular accumulation of Anx2 in the cells with reduced Cdc42, suggesting a potential positive feedback loop whereby Cdc42 and Anx2 each promote the localization of the other at the lumen of mature cysts. Anx2 might work by recruiting Cdc42 or a GEF for Cdc42, and this GEF may in turn activate Cdc42 at this location. On the other hand, active Cdc42 might promote the exocytosis of Anx2 and other AP proteins.
Formation of the AP surface and lumen has been suggested to be mediated by exocytosis of large intracellular vacuoles, termed vacuolar apical compartment (VAC) (Vega-Salas et al., 1987) . Formation of endothelial lumens occurs by vacuolar exocytosis (Kamei et al., 2006) . Cdc42 is needed for the exocytosis of secretory vesicles from neuroendocrine cells, apparently via rearrangement of the actin cytoskeleton, and this may be analogous to the fusion of VACs or smaller vesicles with the AP surface (Malacombe et al., 2006) . We saw accumulation of apparent VACs when Cdc42 was depleted. Similarly, DN Cdc42 blocks capillary lumen formation (Bayless and Davis, 2002) . Perhaps during normal MDCK cyst lumen formation smaller vesicles are rapidly exocytosed to form the lumen. Inhibition of this by Cdc42 depletion may cause the accumulation of larger, more easily detected VACs. Indeed, this may be the defect underlying the phenotypes we observed with loss of function of PTEN, Anx2, Cdc42, or aPKC. Cdc42 is also needed for exit of AP and BL proteins from the trans-Golgi network (TGN) (Musch et al., 2001) , so Cdc42 may act at multiple levels in the formation of the AP surface.
Localized active Cdc42 may promote formation of the AP surface and lumen by additional mechanisms. Active Cdc42 binds to Par6, a member of the Par3/Par6/aPKC complex that regulates TJ and polarity formation (Munro, 2006) . In Drosophila, Par6/aPKC functions at the AP PM independently of Par3, which is associated with the junctional complex. Indeed, we have found that Par6/aPKC localizes at the AP PM of MDCK cysts independently of Par3, and that the disruption of aPKC function inhibits normal lumen formation. Mutation of zebrafish aPKCl causes defects in lumen formation in the intestine (Horne-Badovinac et al., 2001) . These data suggest the existence of two distinct Par complexes for the establishment of epithelial polarity: a complex of Par6/aPKC localized to the AP PM and involved in the formation of this domain; and a complex that also includes Par3, localized at the TJs and required for their formation.
We previously reported that inhibition of Rac1 or b1-integrin in cysts leads to inversion of polarity orientation and abnormal organization of laminin (O'Brien et al., 2001; Yu et al., 2005) . Rac1, b1-integrin, and laminin may be part of a pathway that determines orientation of the axis of polarity, while PTEN, PtdIns(4,5)p 2 , Anx2, Cdc42, and Par6/aPKC are part of a pathway that controls formation of the AP surface and lumen. The Rac1/b1-integrin/laminin pathway might be upstream and/or parallel to the PTEN/ PtdIns(4,5)p 2 /Anx2/Cdc42 pathway, and it determines the location of the AP surface. Because activation of Rac1 at the primordial adhesions of epithelial cells controls the association and activation of the Par3/Par6/aPKC complex (C) Quantitation of cysts with normal lumens in cells transfected with control siRNA (black bars), specific siRNA Cdc42-1 (white bars) or Cdc42-2 (gray bars). Values shown are mean ± SD from four different experiments. *p < 0.001. (D) Time course analysis of gp135 localization during lumen formation in control and Cdc42-depleted cells. Cells were transfected with Cdc42 siRNA-1 (bottom) or siRNA control (top) and plated to form cysts for 8, 16, 24, and 48 hr. Cells were stained to detect gp135 (red), b-catenin (green), and nuclei. Arrows indicate small intracellular vesicles at 16 hr and intercellular lumens at 48 hr. Arrowheads indicate intracellular lumens. (E) siRNA-mediated reduction of PTEN and Anx2 inhibits activation of Cdc42. Cells were transfected with siRNAs Cdc42-1, Anx2-2, or PTEN-2 or with control siRNAs; or cells were infected with adenovirus expressing myc-tagged Cdc42-N17. Total cell lysates of cysts at 48 hr were immunoblotted for Cdc42, Anx2, and PTEN (top left) or for Cdc42 (bottom left). Extracts from these cells were pulled down with PBD-PAK1-GST. Total and GTP-bound Cdc42 was detected by immunoblotting with specific antibodies, and the ratios of GTP-bound to total protein were quantified. Values shown are mean ± SD from three different experiments. (F) Exogenous PtdIns(4,5)P 2 delocalizes Cdc42-GFP from the AP PM. Cdc42-GFP cysts at 48 hr were incubated with PtdIns(4,5)P 2 -histone complexes for 30 min (+PtdIns [4, 5] p 2 ) or histone alone (control), fixed, and analyzed by confocal microscopy. Arrowheads indicate Cdc42-GFP enrichment at the basal PM. Scale bars are 5 mm. to induce TJ biogenesis and cell polarity (Mertens et al., 2005) , one potential connection between these pathways might be the targeting of PTEN to the AP domain through its interaction with TJs. PTEN localizes to the adherens junctions in fly epithelium through its interaction with Bazooka/Par3 (von Stein et al., 2005) . Here, we show that PTEN is needed for AP PM and lumen formation during cyst development and that Par3 localizes specifically to the TJs in MDCK cyst. This observation is consistent with previous studies showing that the expression of DN Par-3 cells disrupted MDCK cyst morphogenesis, causing the lack of a central lumen (Hurd et al., 2003) .
EXPERIMENTAL PROCEDURES

Reagents
Primary antibodies were mouse (unless otherwise specified) against the following: b-tubulin (Chemicon); b-catenin (rabbit) and myc (Sigma); GFP (Roche); anti-Rac1, Cdc42, Anx2, p11, anti-IQGAP1, ezrin, GAPDH, aPKCl, and caveolin-1 (rabbit) (BD Transduction Lab); PTEN (Cell Signaling); ASIP/Par3 (rabbit, Zymed); phospho-Thr410-aPKC (rabbit, Santa Cruz); p58 (gift of K. Matlin); ZO-1 (rat R40.76; gift from B. Stevenson); and gp135 (gift of George Ojakian). Secondary antibodies used were highly crossabsorbed anti-mouse Alexa Fluor 546 and anti-rabbit Alexa Fluor 488 (Molecular Probes), as well as goat anti-rabbit or anti-mouse HRP (Jackson). Actin filaments were stained with Alexa Fluor 488, 546, or 633 phalloidin (Molecular Probes). Nuclei were stained with Hoescht (Molecular Probes). aPKC-PS inhibits aPKC (Biosource).
Cells
MDCK cells were grown as described (O'Brien et al., 2001; Yu et al., 2005) . MDCK stably expressing Cdc42-GFP, Rac1-GFP, Anx2-GFP, PHD-GFP, and PH-Akt-GFP (construct from T. Balla, NIH), PH-Aktred (construct from H. Bourne, UCSF), GFP-PTEN, and CBD-GFP (from K. Hahn, U. of North Carolina) were made by cotransfection with blasticidin-resistant gene. After 3 weeks in selective medium, clones were isolated and analyzed by immunofluorescence (IF) and western blot (WB).
To prepare cysts in Matrigel, cells were trypsinized to a single cell suspension of 4 3 10 4 cells/ml in 2% Matrigel. Cells in Matrigel (250 ml) were plated in 8-well coverglass chambers (Nalge Nunc) covered with Matrigel. Cells were fed every 2 days and grown for 2-5 days until cysts with lumen formed.
Adenovirus
Preparation of recombinant adenoviruses encoding Anx2-GFP, GFPAnx2CM, and Anx2XM was obtained by subcloning into pADtet, downstream of tetracycline-responsive elements. Construction of adenoviruses through CRE-lox recombination and viruses were as described (Altschuler et al., 1998) . For infection, cysts were washed well with PBS+ and incubated for 10-15 min in trypsin (Ca  2+ and   Mg   2+ ) at 37 C to disrupt Matrigel. After inhibiting trypsin with medium + serum, Matrigel-free cysts were infected with the adenovirus following the protocol described before for cells in monolayer.
Microscopy
Immunofluorescence of cysts was previously described (O'Brien et al., 2001; Yu et al., 2005) . Cysts were analyzed on a Zeiss 510 LSM. Cysts with actin/gp135 staining at the interior surface and b-catenin facing the ECM were identified as normal lumens (interior AP pole). Cysts that had actin/gp135 either absent, in small multiple lumens, or at the periphery were considered as abnormal lumens. Per condition, more than 100 cysts/experiment were analyzed, standard deviation (SD) was calculated, and statistical significance was determined by paired Student's t test.
Biochemistry
Preparation of lysates, immunoblotting, and CoIP in cysts was described before (O'Brien et al., 2001; Yu et al., 2005) ; for more information, see the Supplemental Data.
GTPase Activation
Cysts (1-4 days old) were lysed in 500 ml of 4 C 23 gold lysis buffer (2% Triton X-100, 40 mM Tris-HCl [pH 7.5], 1000 mM NaCl, 20 mM MgCl 2 , 30% glycerol, 1 mM dithiothreitol, and EDTA-free protease inhibitors; Roche), then microcentrifuged at 15,000 rpm for 5 min. A 50 ml sample from the supernatant was set aside for determination of Cdc42 and Rac levels in the total lysate, and GTP loading on Cdc42 and Rac1 was determined with GST-Pak3-CRIB bead pull-down as described (Hansen and Nelson, 2001 ).
RNAi
Twenty-five nucleotide siRNA duplexes targeting mRNA sequences of canine Cdc42, Anx2, and PTEN were purchased from Invitrogen (details in Supplemental Experimental Procedures). Sequences were submitted to BLAST search to ensure targeting specificity. The specificity of PTEN, Cdc42, and Anx2 downregulations was further checked by WB analysis. MDCK cells plated at low density (3 3 10 4 /cm 2 ) were transfected with 20 nM solutions of either PTEN, Anx2, or Cdc42 siRNA duplex, or scrambled siRNA using Lipofectamine 2000 (Invitrogen), and incubated for 24 hr after transfection in the same plates. Then the cells were plated to form cysts for 2-5 days as described above and then prepared for confocal and WB analysis.
PtdIns(4,5)P 2 Basal Delivery Basal delivery of PtdIns(4,5)P 2 in cysts in Matrigel was previously described (Gassama-Diagne et al., 2006) . For more details, see Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include seven figures, Supplemental Experimental Procedures, and two movies and can be found with this article online at http://www.cell.com/cgi/content/full/128/2/383/DC1/.
